The evolution of Earth's biota is intimately linked to the oxygenation of the oceans and atmosphere. We use the isotopic composition and concentration of molybdenum (Mo) in sedimentary rocks to explore this relationship. Our results indicate two episodes of global ocean oxygenation. The first coincides with the emergence of the Ediacaran fauna, including large, motile bilaterian animals, ca. 550560 million year ago (Ma), reinforcing previous geochemical indications that Earthsurface oxygenation facilitated this radiation. The second, perhaps larger, oxygenation took place around 400 Ma, well after the initial rise of animals and, therefore, suggesting that early metazoans evolved in a relatively low oxygen environment. This later oxygenation correlates with the diversification of vascular plants, which likely contributed to increased oxygenation through the enhanced burial of organic carbon in sediments. It also correlates with a pronounced radiation of large predatory fish, animals with high oxygen demand. We thereby couple the redox history of the atmosphere and oceans to major events in animal evolution.
542 million years ago, Ma), roughly synchronous with the emergence of large, motile bilaterian animals and, therefore, suggestive of a physiological link between Ediacaran evolution and environmental change. Despite this, the distribution of organic-rich shales (10, 11) , the ratio of pyrite sulfur to organic carbon in shales (12) , and modeling of the sulfur isotope record (13, 14) all indicate that large tracts of subsurface ocean remained anoxic well into the early Phanerozoic Eon (the "age of visible animals," since 542 million years ago). Levels of ocean and atmospheric oxygenation, however, are unquantified from these proxies. Indeed, the most comprehensive history of Phanerozoic oxygenation has been inferred from biogeochemical models. These models diverge, however, on their predictions for the Paleozoic, suggesting either low (15) or high levels of atmospheric oxygen (16, 17) . Here, we present an independent record of ocean oxygenation history derived from the isotopic composition and concentration of Mo in black shales.
The geochemical behavior of Mo is controlled by the relative availability of dissolved H 2 S and O 2 in the oceans. In oxic waters, Mo is soluble and exists as the molybdate anion, MoO 4 2-. In sulfidic waters, molybdate reacts with H 2 S to form particle-reactive oxythiomolybdates that are readily removed from solution (see Supplementary Information for further details). Although the sulfidic removal pathway is efficient, sulfidic environments are relatively rare today. As a result, Mo accumulates in the modern oxygenated oceans to a relatively high concentration of 105 nM [compared to rivers at 6 nM (18)], with a correspondingly long residence time of ca. 800 kyrs (4, 19) . As this is much longer than the ocean's mixing time (~1,500 yrs), seawater is well mixed with respect to Mo and carries a homogeneous Mo isotopic composition (20) .
Mo and Fe biogeochemistry
The isotopic composition of Mo in seawater depends on the redox chemistry of the global ocean because the major sedimentary sinks impart distinct isotope signatures.  98 Mo measures the enrichment of 98 Mo/ 95 Mo in a sample relative to our in-house standard, RochMo2 (Alfa Aesar Specpure Lot# 802309E), where seawater is indistinguishable (21) from results obtained in other laboratories (18, 20, 22 (20) relative to riverine and hydrothermal discharge at 0.7‰ and 0.8‰, respectively (18) . This offset reflects the balance of Mo removal into three major types of sedimentary sinks. The first and second sinks include sediments deposited under oxic conditions in the deep ocean and mildly reducing water columns in shelf settings (i.e., oxygen minimum zones), respectively. These lead to varying degrees of Mo isotope fractionation, ranging from about 2.8 ± 0.1‰ ( SW-OX ) for deep-sea oxic removal to about 0.7 ± 0.2‰ ( SW-SAD ) for mildly reducing settings with sulfide precipitation at depth in the sediment ( Figure S1 , Supplementary Table S2 ). Similar fractionations are also observed under intermittently euxinic conditions and when sulfide concentrations are low and where Mo removal is incomplete (23, 24) . These Mo removal pathways are therefore grouped with the SAD sink.
The third sink includes sediments deposited under persistent and strongly euxinic conditions, in which sulfide is present in the water column and Mo is removed quantitatively, or nearly so, resulting in little or no isotope fractionation. Such environments are rare today, but they account for a disproportionately large share of Mo removal, because the accumulation rate is 2-3 orders of magnitude higher where H 2 S is present and particle-reactive oxythiomolybdates can form (24) (25) (26) . Hence, Mo isotopes provide a sensitive measure of the global extent of euxinic conditions. Since greater Mo isotope fractionation is observed during the oxic removal of Mo from seawater, high seawater  98 Mo values imply more oxygenated oceans, while low values imply more widespread reducing conditions and greater sulfidic Mo removal (7) .
The  98 Mo of ancient seawater can be inferred from the isotopic composition of Mo in sedimentary rocks deposited under locally euxinic conditions. Sedimentary Fe speciation, in turn, can be used to constrain local depositional redox conditions (5, 27, 28) .
Here, we use the ratio of highly reactive to total Fe to distinguish deposition below an anoxic water column from an oxic water column setting (i.e., Fe HR /Fe T > 0.38). The ratio of pyrite to highly reactive iron in anoxic settings is used to distinguish ferruginous from euxinic conditions (i.e., Fe P /Fe HR > 0.7). Sediments deposited under oxygenated bottom waters but with sulfidic pore waters are distinguished by Fe HR /Fe T < 0.38 and a Mo enrichment factor >2 times that of average crust, Mo EF = (Mo/Al) / (Mo/Al) crust . > 2, using (Mo/Al) crust = 0.19 ppm/wt% (29) ). High Mo enrichment can also be found in euxinic settings, but also with accompanying Fe HR enrichment.
Mo in ancient rocks
In this study, we focus on samples whose Fe speciation results point to deposition in euxinic basins because these are the lithologies most likely to record the  98 Mo of seawater.
We compiled  98 Mo, Mo, and Mo/TOC from 180 black shales (64 samples new to this study) from 25 Proterozoic and Phanerozoic marine successions (Table S1 ; details in Supplementary Information). In this compilation, it is immediately apparent that the heaviest  98 Mo values increased during two episodes. We start with a long-lasting The most straightforward interpretation of these data is that they reflect secular evolution of seawater  98 Mo. We note, however, that the Fe speciation proxy cannot distinguish sediments deposited in highly euxinic settings from those deposited under mildly or intermittently euxinic conditions, where Mo isotopes can be fractionated, recording  98 Mo values lower than those of seawater (27) . Therefore, the heaviest  98 Mo values in a euxinic sedimentary sequence are those most likely to reflect seawater  98 Mo.
The  98 Mo from any individual euxinic sedimentary succession may be offset toward lower values than true seawater due to fractionation during removal (into intermittently low sulfidic waters, for example) (24) or, perhaps, dilution with riverine discharge in hydrographically restricted basins (30) . While such factors may influence individual sequences, it is unlikely they will affect only the oldest basins and govern consistent differences between time intervals. Therefore, we propose that our data record a two-stage increase in  98 Mo SW , and that this indicates two major episodes of ocean oxygenation since the late Proterozoic Eon.
Mo mass balance model
We explore the evolution of  98 Mo SW further with a simple mass balance model, where the  98 Mo SW of seawater is controlled by removal into the three Mo sinks described above: 1)
deep oxic sediments (OX), 2) sediments in which sulfide is present at depth (SAD; including also intermittently euxinic settings and midly euxinic settings with low water-column sulfide concentrations) and 3) euxinic (EUX) sediments. corroborating earlier results (7) . The deep oxic sink must have been much less important than it is today, and the remainder of the Mo was buried in non-euxinic, but sulfidic shelf sediments (perhaps under OMZs with water chemistry similar to today's, where oxygenfree, but non-sulfidic water conditions are found), or under mildly or intermittently sulfidic water column conditions. Our model cannot distinguish these two possibilities, because, as pointed out above, each produces a similar isotope fractionation.
The increase in  98 Mo to 1.4 ‰ during the late Ediacaran Period is consistent with an increase in the deep ocean oxic Mo sink (Figure 2) , an increase of the SAD sink at the expense of the euxinic sink, or both. If sulfidic OMZ waters made up a large component of the Mesoproterozoic euxinic sink, then a reduction of these in favor of more modern, generally sulfide-free OMZs could also explain the increase in  98 Mo to 1.4‰. There is independent evidence for oxic deep basins in the late Ediacaran (5, 9) suggesting that Mo removal through the oxic pathway with Mn-oxides was already in place in deep ocean settings. However, the persistently low  98 Mo and Mo/TOC values imply that the sulfidic pathways continued to dominate Mo removal well into the early Paleozoic Eon, if not in the water column then just below the sediment-water interface.
Our model results further show that the increase in  98 Mo to 2.0‰ from the Silurian into the Devonian Period strictly requires a substantial deep-water oxic Mo sink more intense than in earlier oceans. This is because only the deep-water oxic sink imposes a fractionation large enough to allow the  98 Mo sw to exceed the river input value by 1.3‰, as observed in the mid-Devonian and younger shales. Extensive black shale deposition (11, 27) suggests that the euxinic sink remained substantial in Late Devonian seaways;
nonetheless, Mo isotopes in these shales indicate persistent expansion of the deep-water oxic sink.
Mo concentrations through time
Mo is removed with organic matter into black shales; hence, the ratio of molybdenum to total organic carbon (TOC), Mo/TOC, also relates to the extent of ocean oxygenation ( Figure   3 ). According to previous discussions (4) 
Implications for biological evolution
Our compilation of Mo isotopic and elemental abundance data is based on a proxy that is inferred to be well-mixed in the ocean (details in supplementary information). It thus reflects a global ocean redox history defining two episodes of ocean oxygenation since the late Neoproterozoic. The first is consistent with other lines of geochemical evidence (4, 5, 8, 9) , demonstrating that Mo isotopic data capture a significant redox event originally inferred from independent geochemical data. This event also correlates with the initial diversification of large animals, including motile bilaterian species thriving in shallow waters (e.g. Kimberella (34) ). Our data suggest, however, that even after this event, the oceans remained far less oxygenated than today. The physiological pO 2 requirement for Cambrian animals inferred by comparison to modern relatives is > ca. 0.1 PAL (35), corresponding to the level where benthic mass mortality is observed in modern settings (15-30 M) (36) . This provides a minimum value for pO 2 in the Early Paleozoic atmosphere and surface ocean. Oxygen levels, however, may not have been much higher than this.
Thus, the long standing view that late Neoproterozoic events increased pO 2 from about 10-15% PAL to something more like modern levels (2, 37) is best retired in favor of one in which oxygen increased from Proterozoic levels just a few percent of today's (e.g. (31)) to levels perhaps 15-50% PAL ( Figure S4 ).
The second Devonian event has received much less attention (14) , but might, in absolute terms, have been the greatest oxygenation in Earth history. This oxygenation, moreover, correlates with both the diversification of vascular plants (38) (15) predicts relatively low oxygen levels (20-60% PAL) in the early Paleozoic. Despite these differences, both predict a Devonian oxygen increase in pO 2 (15, 40) , reflecting the radiation of vascular plants. This accelerated land erosion enhancing global sedimentation rates, the hydrological cycle (speeding up ground water/atmosphere exchange), and promoted the burial of refractory plant material (e.g. lignin, wood). Enhanced burial of terrestrial organic matter functions as an O 2 source to the atmosphere. Thus, the storage of a larger organic carbon pool stabilized the atmosphere at a higher oxygen concentration state, forever altering our planet's redox history (17) . Our molybdenum isotope and concentration proxies provide the first direct support for this model, identifying the beginning of a mid-Paleozoic oxygen enrichment.
Known as "the age of fishes" because of the pronounced radiation of large, jawbearing fish (41) , the Devonian Period witnessed a dramatic increase in the maximum size of marine vertebrates (Figure 3, (42) ), as well as the evolution of ammonoid cephalopods, and, more generally, a marked increase in the proportional diversity of "high energy"
predators (41) . Fish are among the marine animals least tolerant towards hypoxia (43) , and in living fish, oxygen demand scales with size (44) . Cambrian fish, known from wholebody fossils mainly from the Chengjiang deposits in China, are ca. 2.5-3.0 cm long, whereas well preserved Ordovician and Silurian fish reach lengths of a few tens of centimeters.
Many teleost fish of similar dimensions can survive at oxygen levels below 20% PAL.
However, the Devonian appearance of fish >1 meter long (41) likely required more than ~100 M O 2 , in surface seawater, equivalent to ~40% PAL ( Figure S4 ). Bambach (39) proposed that Devonian predator evolution reflected an expanded base of the trophic pyramid driven by phosphate-rich run-off from plant-covered continents, which potentiated increased size and/or motility in marine animals. Our geochemical results provide a complementary explanation consistent with available physiological data (41) that the expansion of predators with high metabolic rates reflects increased oxygenation of the biosphere.
Conclusions
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